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,QWURGXFWLRQ
7KH VKHDU EHKDYLRU RI FRQFUHWH VWUXFWXUHV LV D IXQGDPHQWDO UHVHDUFK WRSLF ZKLFK ZDV DOUHDG\ VFLHQWLILFDOO\
H[DPLQHG IRU PDQ\ \HDUV VWDUWLQJ ZLWK WKH HDUO\ ZRUN RI +HQQHELTXH 5LWWHU DQG 0|UVFK LQ WKH WK FHQWXU\
1HYHUWKHOHVVVRPHTXHVWLRQVUHJDUGLQJWKHVKHDUEHKDYLRULQUHLQIRUFHGFRQFUHWH5&HOHPHQWVVSHFLILFDOO\WKHIRUFH
IORZ WKURXJK WKHPHPEHU DQG DFURVV FUDFNV DW XOWLPDWH VWDWH FDQ VWLOO EH DQVZHUHG RQO\ SDUWLDOO\$OWKRXJK WKH
IXQGDPHQWDO FRUUHODWLRQV DQG ORDG VXSSRUWLQJ FRPSRQHQWV IRU WKH VKHDU GHVLJQ RI VWUXFWXUHV DUHPHDQZKLOHZHOO
NQRZQWKHUHLVDFRQWLQXLQJGHEDWHRQWKHLUUHVSHFWLYHFRQWULEXWLRQVDQGRQFRQYHQLHQWDSSURDFKHVIRUWKHGHVLJQ
5HFHQWO\ QHZ LVVXHV DURVH GXH WR WKH XVH RI QHZPDWHULDOV VXFK DV 8OWUD+LJK 3HUIRUPDQFH ILEHUUHLQIRUFHG
FRQFUHWHDQG±HVSHFLDOO\ LQ*HUPDQ\  WKH UHTXLUHPHQW IRUPRUHVRSKLVWLFDWHGFDOFXODWLRQDSSURDFKHV IRU WKH UH
GHVLJQRIH[LVWLQJEULGJHV
,QWKLVFRQWH[WWZRUHVHDUFKSURMHFWVDUHRQJRLQJDWWKH&KDLURI&RQFUHWHDQG0DVRQU\6WUXFWXUHVRI780
7HFKQLFDO8QLYHUVLW\RI0XQLFKZKLFKVKDOOEHSUHVHQWHGLQWKLVSDSHU:KLOHRQHSURMHFWIRFXVHVRQWKHLQIOXHQFH
RIRXWGDWHGVWLUUXSW\SHVRQWKHVKHDUFDSDFLW\RIROGHUH[LVWLQJEULGJHVWKHRWKHURQHGHDOVZLWKWKHGHYHORSPHQWRI
SUHIDEULFDWHGSUHVWUHVVHG8+3)5&,EHDPVXWLOL]LQJGLIIHUHQWUHLQIRUFLQJFRQFHSWVDQGPDWHULDOV,QWKHVFRSHRI
WKLVSDSHULQWHULPUHVXOWVRIQXPHULFDOVWXGLHVUHJDUGLQJWKHVHWZRGLIIHUHQWLVVXHVZLOOEHSUHVHQWHGDQGDQRXWORRN
IRUWHVWVXVLQJDQLQQRYDWLYHH[SHULPHQWDOVHWXSLVJLYHQ
*HQHUDODVSHFWVRIWKHVKHDUEHKDYLRURIEULGJHJLUGHUV
2.1. Overview
8VXDOO\WKHGHVLJQRIEULGJHJLUGHUVLVGHWHUPLQHGE\WKHFRUUHVSRQGLQJEHQGLQJORDGVZKHUHDVIRUFRPSDFWRU
VWURQJO\SURILOHGFURVVVHFWLRQVWKHVKHDUUHVLVWDQFHPD\JRYHUQ,QWKHVHFDVHVWKHGLDJRQDOWHQVLRQIDLOXUHLVQRUPDOO\
WKHW\SLFDOPRGHRIIDLOXUHZKLFKRFFXUVLIDSULQFLSDOVWUHVVFRPSRQHQWH[FHHGVWKHWHQVLOHVWUHQJWKRIWKHFRQFUHWH
DQGDUHGLVWULEXWLRQRIVWUHVVHVWRWKHZHEUHLQIRUFHPHQWLVQRWSRVVLEOH'HSHQGLQJRQWKHDPRXQWRIVWLUUXSVWKH
VKHDUIDLOXUHRIDEHDPLVOLNHO\WRRFFXUVXGGHQO\DQGZLWKRXWPXFKDGYDQFHQRWLFH7KHUHIRUHWKLVEULWWOHW\SHRI
IDLOXUHKDVWREHDYRLGHG
)RUWKHXQFUDFNHGVWDWHWKHSULQFLSDOVWUHVVGLUHFWLRQLQWKHFRQFUHWHFDQEHHDVLO\FDOFXODWHGXVLQJWKHJRYHUQLQJ
HTXDWLRQVDQGE\LQWURGXFLQJVKHDUVWUHVVHVDVDQDX[LOLDU\TXDQWLW\IRUWKHWUDQVIRUPDWLRQIURPDJOREDOLQWRDURWDWHG
ORFDO FRRUGLQDWH V\VWHP )RU FUDFNHG VHFWLRQV VWDWH ,, LW WKHQ EHFRPHV PRUH FRPSOLFDWHG DV GLIIHUHQW EHDULQJ
PHFKDQLVPVKDYHWRGHYHORSWRILQGHTXLOLEULXPDJDLQ7KHPDLQPHFKDQLVPVIRUWKHWUDQVPLVVLRQRIVKHDUVWUHVVHV
LQWKHFUDFNHGVWDWHIRUEHDPVZLWKRXWVKHDUUHLQIRUFHPHQWDUHZLGHO\NQRZQWKHFRQWULEXWLRQRIWKHFRPSUHVVLYH
FRQFUHWH ]RQH FUDFN IULFWLRQ DQG DJJUHJDWH LQWHUORFN EHWZHHQ WKH FUDFN HGJHV GRZHO HIIHFW RI WKH ORQJLWXGLQDO
UHLQIRUFHPHQWDQGWHQVLOHIRUFHVLQWKHIUDFWXUH]RQH
)RUJLUGHUVZLWKVWLUUXSVRUVWHHOILEHUUHLQIRUFHPHQWLQWKHZHEDQHTXLYDOHQWFRQWDFWUDWLRLVDGGHG7KHSUREOHP
LV WR YHULI\ WKH DSSURSULDWH TXDQWLWDWLYH FRQWULEXWLRQV IRU GLIIHUHQW FLUFXPVWDQFHV VXFK DV WKH FURVV VHFWLRQDO
GLPHQVLRQV WKH W\SH RI ORDGLQJ WKH JHRPHWU\ DQG WKH W\SH DQG DPRXQW RI FRQFUHWH DQG ILEHU UHLQIRUFHPHQW
7KHUHIRUHIXUWKHUFRQVLGHUDWLRQVIRUVSHFLILFFDVHVKDYHWREHXQGHUWDNHQWREURDGHQH[SHULHQFHDQGH[SHUWLVHLQWKLV
ILHOG,QWKLVFRQWH[WWZR5	'SURMHFWVDUHRQJRLQJDW780ZKLFKVKDOOEHGHVFULEHGLQWKHIROORZLQJ
2.2. Investigations on prestressed bridge girders made of UHPFRC 
8OWUD+LJK SHUIRUPDQFH ILEHUUHLQIRUFHG FRQFUHWH LV DQ DGYDQFHG FHPHQWLWLRXV KLJK TXDOLW\ PDWHULDO ZLWK D
FKDUDFWHULVWLFFRPSUHVVLYHVWUHQJWKRIDWOHDVW03DZKLFKDOORZVWKHUHDOL]DWLRQRIH[WUHPHO\WKLQDQGGXUDEOH
VWUXFWXUDOHOHPHQWV7KURXJKWKHDGGLWLRQRIVWHHOILEHUVWKHFRQFUHWHJDLQVWHQVLOHVWUHQJWKDQGWKHGHVLUHGGXFWLOLW\LV
HQVXUHG+HQFHWKHXVHRIFRQYHQWLRQDOUHLQIRUFHPHQWFDQEHDYRLGHGLQPDQ\DUHDV7KHUHVXOWLVHIILFLHQWDQGVROLG
OLJKWZHLJKWVWUXFWXUHVZKLFKDUHSHUIHFWO\VXLWHGIRUWKHDSSOLFDWLRQLQSUHIDEULFDWHGEULGJHFRQVWUXFWLRQ
'XH WR WKH FKDUDFWHULVWLFV RI8+3)5& WKH FURVV VHFWLRQDO GLPHQVLRQV XVXDOO\ GHYLDWH IURP VWDQGDUG FRQFUHWH
FRQVWUXFWLRQDQGDVDUHVXOWWKHORDGEHDULQJEHKDYLRUPLJKWEHGLIIHUHQW%HVLGHVWKDWWKURXJKWKHXVHRIVWHHOILEHU
UHLQIRUFHPHQW DGGLWLRQDO TXHVWLRQV DQG FKDUDFWHULVWLFV DULVH ZKLFK KDYH WR EH FRQVLGHUHG LQ WKH GHVLJQ 8VLQJ
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8+3)5&IRUEULGJHJLUGHUVDOORZVIRUWKHUHDOL]DWLRQRIYHU\WKLQZHEVZLWKWKLFNQHVVHVDURXQGPPIRUVWDQGDUG
FURVVVHFWLRQKHLJKWVRIDSSUR[LPDWHO\PZKLFKLVDTXDUWHURIWKHXVXDOWKLFNQHVVXVLQJQRUPDOVWUHQJWKFRQFUHWH
)RUWKHVHEHDPVWKHVKHDUFDSDFLW\RIWKHZHELVWKHJRYHUQLQJGHVLJQLVVXH+HQFHIXUWKHULQYHVWLJDWLRQVRQWKH
VKHDUEHKDYLRUIRUGLIIHUHQWW\SHVRIVKHDUUHLQIRUFHPHQWYDULDWLRQRIWKHILEHUFRQWHQWDQGW\SHDGGLWLRQDOVWLUUXSV
HWF DUH EHLQJ XQGHUWDNHQ QXPHULFDOO\ DQG H[SHULPHQWDOO\ ,Q WKLV UHJDUG WKH VL]H HIIHFWZLOO DOVR EH H[DPLQHG
WKURXJKWKHXVHRIVSHFLPHQVZLWKGLIIHUHQWFURVVVHFWLRQKHLJKWV IURPPWRPIRUDOO WHVWV$VSUHYLRXV
UHVHDUFKSURMHFWV>@VKRZWKHUHLVDSURQRXQFHGVL]HHIIHFWIRUVOHQGHU8+3)5&EHDPVZLWKRXWVKHDUUHLQIRUFHPHQW
PHDQLQJ WKDW WKH VKHDUFDSDFLW\GHFUHDVHVZKHQ WKHFURVV VHFWLRQKHLJKW LQFUHDVHV7KHVL]HHIIHFW IRU VKHDU LVRI
SDUWLFXODULQWHUHVWIRU8+3)5&VLQFHWKHHIIHFWLYHIUDFWXUH]RQHEHFRPHVVPDOOHUZLWKKLJKHUFRQFUHWHVWUHQJWK7KLV
DOVRPHDQVWKDWWKHHQHUJ\UHOHDVHZKLFKLVFDXVHGE\WKHJURZWKRIDVKHDUFUDFNPLJKWOHDGWRDEULWWOHIDLOXUHZLWKRXW
DGYDQFHQRWLFH7KHUHIRUHPRUHUHVHDUFKLVQHFHVVDU\WRLQYHVWLJDWHZKHWKHUVWLUUXSVFDQVXSSUHVVWKHVL]HHIIHFWDQG
WRGHILQHDPLQLPXPILEHURUVKHDUUHLQIRUFHPHQWUDWLRIRUGXFWLOHEHKDYLRU$QRWKHUDLPRIWKHUHVHDUFKSURMHFWLVWR
EULQJ8+3)5&PRUHLQWRFRQVWUXFWLRQSUDFWLFH,QWKHVFRSHRIWKHUHVHDUFKSURMHFWDW780GXUDEOHDQGLQQRYDWLYH
SUHFDVWJLUGHUVIRUVLQJOHDQGPXOWLVSDQEULGJHVZLWKDYHUDJHVSDQVRIDURXQGPZLOOEHGHYHORSHG)LQDOO\WKH
UHVXOWVRI WKLV UHVHDUFKSURMHFWDUHSODQQHG WREHGLUHFWO\ LQWHJUDWHG LQD IXOOVFDOHSLORW DSSOLFDWLRQZKLFKZLOOEH
DFFRPSDQLHGE\DQH[WHQVLYHPRQLWRULQJVFKHPH
7KHUHVHDUFKSURMHFWLVDFRRSHUDWLRQSURMHFWRIWKH7HFKQLFDO8QLYHUVLW\RI0XQLFK780WKH0XQLFK8QLYHUVLW\
RI$SSOLHG6FLHQFHVDQGWKHHQJLQHHULQJRIILFH66),QJHQLHXUH$*
2.3. Consideration of outdated stirrups for the re-analyses of bridges in Germany 
7KHUHTXLUHPHQWVIRUH[LVWLQJEULGJHVLQ*HUPDQ\KDYHLQFUHDVHGFRQVLGHUDEO\LQWKHSDVWIHZ\HDUVGXHWRULVLQJ
WUDIILF YROXPHV0DQ\ ROGHU EULGJHV ZHUH GHVLJQHG IRU ORDG PRGHOV ZKLFK GR QRW IXOILOO WRGD\¶V VSHFLILFDWLRQV
)XUWKHUPRUH WKH GHVLJQ YDOXHV IRU WKH VKHDU FDSDFLW\ KDYH XQGHUJRQH VHYHUDO PRGLILFDWLRQV RYHU WLPH $V D
FRQVHTXHQFH UHDQDO\VHV RI WKHVH EULGJHV RIWHQ UHVXOWV LQ D VLJQLILFDQWO\ KLJKHU DPRXQW RI QHFHVVDU\ VKHDU
UHLQIRUFHPHQW DQG WKH GHVLJQ FDQ¶W EH IXOILOOHG DFFRUGLQJ WR FXUUHQW VWDQGDUGV:LWKLQ WKH IUDPHZRUN RI DPDMRU
UHVHDUFK SURMHFW IRU WKH *HUPDQ )HGHUDO +LJKZD\ 5HVHDUFK ,QVWLWXWH %$6W DGYDQFHG GHVLJQ PHWKRGV IRU WKH
HYDOXDWLRQRIWKHVKHDUDQGWRUVLRQDOVWUHVVFDSDFLW\RIH[LVWLQJEULGJHVVKDOOEHGHULYHGDQGYHULILHGZKLFKDUHDEOH
WRFRQVLGHUVSHFLDOORDGUHVHUYHVLQFRPSDULVRQWRWKHFXUUHQWWHFKQLFDOUHJXODWLRQV
,QFRQQHFWLRQZLWKWKLVRQHLVVXHLVWKHFRQVLGHUDWLRQRIVKHDUUHLQIRUFHPHQWW\SHVZKLFKGHYLDWHIURPWKHFXUUHQW
VSHFLILFDWLRQV$FFRUGLQJWR*HUPDQVWDQGDUGV>@LWLVUHTXLUHGWKDWVWLUUXSVEHFORVHGLQWKHFRPSUHVVLYHDQGWHQVLOH
FRQFUHWH]RQHH[FHSWLQWKHFDVHRI7EHDPVZKHUHH[FHSWLRQVPLJKWEHDOORZHGXQGHUFHUWDLQFRQGLWLRQV$OOW\SHV
RIVKHDUUHLQIRUFHPHQWKDYHWREHDQFKRUHGEHWZHHQWKHFHQWURLGDOD[LVDQGXSSHUHGJHRIWKHFRPSUHVVLYH]RQHDQG
VWUDLJKWURGHQGVDUHDOVRQRWDOORZHG:LWKUHJDUGWRWKHUHDQDO\VHVRIH[LVWLQJEULGJHVGLIIHUHQWRXWGDWHGW\SHVRI
VWLUUXSVFDQEHIRXQGSXVKLQVWLUUXSVZKLFKZHUHRQO\LQVHUWHGLQWRWKHWRSWZRSDUWVWLUUXSVZLWKVKRUWRYHUODS
OHQJWKVRUVWLUUXSVZLWKVWUDLJKWURGHQGVZKLFKDUHQRWFORVHGDWWKHXSSHUVLGH7KHVHW\SHVRIVKHDUUHLQIRUFHPHQW
PD\QRWEHWDNHQLQWRDFFRXQWIRUWKHHYDOXDWLRQRIWKHVKHDUFDSDFLW\DFFRUGLQJWR*HUPDQVWDQGDUGV7KHTXHVWLRQ
WKHUHIRUHLVKRZWKHVHPRGLILFDWLRQVFKDQJHWKHORDGEHDULQJFKDUDFWHULVWLFVIRUVKHDUDQGLQZKLFKZD\LWLVMXVWLILHG
WRWDNHWKLVZHEUHLQIRUFHPHQWLQWRDFFRXQW>@
7KHUHDUHVRPHH[SHULPHQWDOLQYHVWLJDWLRQVRQWKHHIIHFWRIWZRSDUWVWLUUXSVZLWKVKRUWRYHUODSOHQJWKV>@ZKLFK
VKRZWKDWWKHVKHDUFDSDFLW\DFFRUGLQJWRGHVLJQVWDQGDUGVFDQDOVREHUHDFKHGLIWKHRYHUODSOHQJWKRIWKHVWLUUXSVLV
VLJQLILFDQWO\ UHGXFHG 2QO\ D IHZ LQYHVWLJDWLRQV H[LVW ZKLFK GHDO ZLWK WKH LQIOXHQFH RI GLIIHUHQW W\SHV RI VKHDU
UHLQIRUFHPHQW>@>@>@>@>@IRUH[DPSOHIRUVWLUUXSVZKLFKDUHQRWFORVHGZKHUHWKHPDLQIRFXVZDVRQWKH
LQIOXHQFHRI IUDFWXUHGVWLUUXSV7KXV IXUWKHU UHVHDUFK LQ WKH IRUPRIH[SHULPHQWDODQGQXPHULFDO LQYHVWLJDWLRQV LV
XUJHQWO\QHHGHGKHUHWRFRQVLGHUWKHVHVSHFLDOFRQGLWLRQV
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1XPHULFDOLQYHVWLJDWLRQV
3.1. Modelling approaches 
7RXQGHUWDNHIXUWKHUUHVHDUFKZLWKUHJDUGWRWKHDERYHPHQWLRQHGLVVXHVH[WHQVLYHQXPHULFDOLQYHVWLJDWLRQVZHUH
FRQGXFWHG)RUDOOFDOFXODWLRQVWKHSURJUDP$16<6WRJHWKHUZLWKDOLEUDU\IRUQRQOLQHDUFRQWLQXXPPHFKDQLFDOEDVHG
PDWHULDOPRGHOVFDOOHG08/7,3/$6ZDVXVHG$KDUGHQLQJVRIWHQLQJPDWHULDOPRGHOZKLFKLVEDVHGRQD0HQHWUH\
:LOOLDP\LHOGVXUIDFH>@ZLWKDIUDFWXUHHQHUJ\EDVHGUHJXODUL]DWLRQPHWKRGZDVDSSOLHG7KHUHLQIRUFHPHQWZDV
PRGHOOHGGLVFUHWHO\:KLOHWKHDSSURDFKRIDULJLGFRQQHFWLRQEHWZHHQUHLQIRUFHPHQWDQGFRQFUHWHZDVVXIILFLHQWIRU
WKHDQDO\VHVRIWKH8+3)5&EHDPVWKHERQGEHKDYLRUEHWZHHQVWLUUXSVDQGFRQFUHWHKDGWREHWDNHQLQWRDFFRXQWIRU
WKHLQYHVWLJDWLRQRIWKHLQIOXHQFHRIGLIIHUHQWVKHDUUHLQIRUFHPHQWW\SHV$OOILQLWHHOHPHQWPRGHOVZHUHYDOLGDWHGRQ
WKHEDVLVRIH[SHULPHQWDOUHVXOWVIURPOLWHUDWXUH
3.2. Numerical Studies on UHPFRC bridge girders 
7R YHULI\ WKH PDLQ
SDUDPHWHUVZKLFKLQIOXHQFH
WKHORDGEHDULQJEHKDYLRURI
8+3)5&EULGJHJLUGHUV LQ
VKHDUILUVWRIDOODGHWDLOHG
QXPHULFDO SDUDPHWHU VWXG\
ZDV PDGH 7KH VWXG\
LQFOXGHG D YDULDWLRQ RI WKH
FURVV VHFWLRQ KHLJKW WKH
DPRXQW RI VWHHO ILEHU
UHLQIRUFHPHQW WKH VKHDU
UHLQIRUFHPHQW UDWLR LQ WKH
ZHE DQG WKH GHJUHH RI
SUHVWUHVVLQJ)LJXUHJLYHV
DQ RYHUYLHZ RI WKH
GLPHQVLRQV IRU WKH GLIIHUHQW
FURVVVHFWLRQW\SHV7KHGLVWDQFHEHWZHHQWKHVWLUUXSVZDVNHSWFRQVWDQWZLWKDYDOXHRIFPDQGWKHSUHVWUHVVLQWKH
FURVV VHFWLRQVZDVFKRVHQVXFK WKDW WKHQRUPDO VWUHVVHVGXH WR WKHQRUPDO IRUFHFRPSRQHQWRI WKHSUHVWUHVVZHUH
FRQVWDQWDVZHOOZLWKDYDOXHRIDERXW03DWRVWUDQGVGHSHQGLQJRQWKHFURVVVHFWLRQKHLJKW
)LJXUHVXPPDUL]HVWKHPDLQUHVXOWVRIWKHVWXG\ZKHUHE\WKHUHVSHFWLYHQRPHQFODWXUHVLQGLFDWHWKHFURVVVHFWLRQ
KHLJKWLQFP97;WKHDPRXQWRIVWHHOILEHUUHLQIRUFHPHQWLQ9RO0;WKHGLDPHWHURIWKHVWLUUXSV4;DQG
WKHGHJUHHRISUHVWUHVVLQJ3;
7KHUHVXOWVVKRZWKDWWKHORDGFDUU\LQJFDSDFLW\ULVHVZLWKLQFUHDVLQJFURVVVHFWLRQKHLJKWDQGZLWKDQLQFUHDVHRI
WKHDPRXQWRIVKHDUUHLQIRUFHPHQW$GGLWLRQDOVKHDUUHLQIRUFHPHQWOHDGVWRPRUHGXFWLOHEHKDYLRURIWKHVSHFLPHQ
GXH WR \LHOGLQJ RI WKH VWLUUXSV ,I WKH DPRXQW RI VKHDU UHLQIRUFHPHQW LV TXLWH KLJK WKHPRGH RI IDLOXUH GRHV QRW
FRUUHVSRQGWRDSXUHVKHDUIDLOXUHLQWKHZHEDQ\PRUHEXWWRDFRPELQHGVKHDUDQGIOH[XUDOIDLOXUH7KHGHJUHHRI
SUHVWUHVVLQJRQO\KDVDVOLJKWHIIHFWRQWKHVKHDUFDSDFLW\EXWFOHDUO\DIIHFWVWKHILUVWFUDFNLQLWLDWLRQ$KLJKHUILEHU
FRQWHQWLQFUHDVHVWKHIDLOXUHORDGQRWLFHDEO\DQGRIFRXUVHDOVROHDGVWRDPRUHGXFWLOHEHKDYLRU,QRUGHUWRH[DPLQH
WKHVL]HHIIHFWIRUGLIIHUHQWFURVVVHFWLRQKHLJKWVZKLFKZHUHFOHDUO\LGHQWLILHGLQSUHYLRXVUHVHDUFKZRUN>@IXUWKHU
VLPXODWLRQVKDYHWREHXQGHUWDNHQDVQRFOHDUWUHQGFRXOGEHREVHUYHG
)LJXUH&URVVVHFWLRQDOGLPHQVLRQVIRUWKHQXPHULFDOSDUDPHWHUVWXG\
415 Nicholas Schramm and Oliver Fischer /  Procedia Engineering  156 ( 2016 )  411 – 418 

)LJXUH5HVXOWVRIWKHSDUDPHWHUVWXG\DLQIOXHQFHRIVKHDUUHLQIRUFHPHQWUDWLRELQIOXHQFHRIVWHHOILEHUFRQWHQWFLQIOXHQFHRISUHVWUHVV
IRUGLIIHUHQWFURVVVHFWLRQKHLJKWV
2QWKHEDVLVRIWKHDERYHGHVFULEHGSDUDPHWHUVWXG\WKHFURVVVHFWLRQJHRPHWU\RIWKH8+3)5&EULGJHJLUGHUZDV
RSWLPL]HG)RU WKHGHVLUHGDYHUDJHVSDQRI DERXWPSUHFDVWJLUGHUVPDGHRIQRUPDO VWUHQJWKFRQFUHWH 16&ZLWK
SUHWHQVLRQHGUHLQIRUFHPHQWDUHRIWHQXVHG7RHQDEOHDGLUHFWFRPSDULVRQDW\SLFDOEULGJHFURVVVHFWLRQZDVDVVXPHGDQG
ILQLWHHOHPHQWVLPXODWLRQVZHUHXQGHUWDNHQIRUERWKDOWHUQDWLYHV7DEOHJLYHVDQRYHUYLHZRIWKHUHODWHGSDUDPHWHUV
7DEOH&URVVVHFWLRQSDUDPHWHUVIRUDW\SLFDO16&EULGJHJLUGHUDQGDQRSWLPL]HGEULGJHJLUGHUPDGHRI8+3)5&
 16&JLUGHU 8+3)5&JLUGHU
FURVVVHFWLRQKHLJKW P P
SUHWHQVLRQHGUHLQIRUFHPHQW ∅PP ∅PP
FRQYHQWLRQDOUHLQIRUFHPHQWLQFKRUGV ∅∅ ∅
VKHDUUHLQIRUFHPHQW [∅FP ∅FP

%\FRPSDULQJWKHWZRV\VWHPVLWLVFOHDUO\YLVLEOHWKDWWKH8+3)5&JLUGHUFURVVVHFWLRQLVPXFKVOHQGHUWKDQWKH
RQHPDGHRXWRI16&8VLQJWKH8+3)5&V\VWHPDURXQGRIWKHZHLJKWFDQEHVDYHGDQGWKHH[FHOOHQWGXUDELOLW\
SURSHUWLHVRI WKHPDWHULDOFDQEHXVHG7RGLUHFWO\FRPSDUHWKHORDGEHDULQJEHKDYLRUDQGWKHVWLIIQHVVRI WKHWZR
V\VWHPVDSRLQWEHQGLQJWHVWIRUDPORQJEHDPZDVSHUIRUPHGQXPHULFDOO\PRGHOOLQJRQO\KDOIRIWKHV\VWHP
GXHWRWKHV\PPHWU\RIWKHV\VWHPVHH)LJXUH


)LJXUH'ILQLWHHOHPHQWPRGHOIRUWKHVLPXODWLRQRIDSRLQWEHQGLQJWHVW )LJXUH&RPSDULVRQRIWKHVKHDUIRUFHGHIOHFWLRQ
XWLOL]LQJWKHV\PPHWU\RIWKHV\VWHPKHUHVKRZQIRUWKH16&FURVVVHFWLRQ  FXUYHVIRUD16&DQGD8+3)5&JLUGHU


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/RRNLQJDWWKHUHVXOWLQJVKHDUORDGGHIOHFWLRQFXUYHVIRUWKHWZRV\VWHPVVHH)LJXUHLWFDQEHVHHQWKDWWKHVWLIIQHVV
EHKDYLRUEHIRUHLQLWLDOFUDFNIRUPDWLRQLVVLPLODUIRUERWKV\VWHPV7KLVFDQEHH[SODLQHGE\DPRUHRUOHVVVLPLODUEHQGLQJ
VWLIIQHVV(,VLQFHWKHHODVWLFPRGXOXVRIWKHDVVXPHGFRDUVHJUDLQ8+3)5&LVDSSUR[LPDWHO\03DFRPSDUHGWR
03DIRU16&DVVXPHGYDOXHIRUDVWDQGDUG&FRQFUHWHDQGWKHPRPHQWRILQHUWLDLVDURXQGOHVVIRU
WKH8+3)5&FURVVVHFWLRQ7KHUHVXOWVRIWKHVLPXODWLRQVDOVRVKRZWKDWWKHW\SHVRIIDLOXUHVOLJKWO\GLIIHUIURPHDFK
RWKHU)RUERWKYDULDQWVSODVWLFVWUDLQVUHSUHVHQWLQJEHQGLQJFUDFNVDUHREVHUYHGILUVW$WXOWLPDWHOLPLWVWDWHWKH8+3)5&
JLUGHUFOHDUO\IDLOVGXHWRGLDJRQDOVKHDULQWKHWKLQZHEZKHUHDVIRUWKH16&JLUGHUDIOH[XUDOIDLOXUHZLWKWKHIRUPDWLRQ
RIVKHDUFUDFNVZKLFKLQGLFDWHVWKDWWKHVKHDUFDSDFLW\LVYHU\FORVHWRWKHIOH[XUDOFDSDFLW\VHHPVWRRFFXU7KHXOWLPDWH
ORDGVIRUERWKW\SHVDUHDOPRVWLGHQWLFDO'XHWREHWWHUXWLOL]DWLRQRIWKHSUHWHQVLRQHGUHLQIRUFHPHQWIRUWKH8+3)5&
EHDPWKHSUHWHQVLRQLVPRUHHIIHFWLYHDQGWKHLQLWLDOFUDFNIRUPDWLRQLVGHOD\HG
3.3. Numerical investigations on beams with outdated stirrup types 
,QLWLDOO\WKHHIIHFWVRIRXWGDWHGVWLUUXSW\SHVRQWKHORDG
EHDULQJEHKDYLRURIEHDPVLQVKHDUZHUHLQYHVWLJDWHGWKURXJK
ILQLWHHOHPHQWFDOFXODWLRQV7RPRGHOWKHEHKDYLRURIVWLUUXSV
ZLWK VWUDLJKW URG HQGV XQGHU UHDOLVWLF FRQGLWLRQV LW LV
QHFHVVDU\ WR WDNH LQWR DFFRXQW WKH ERQG EHKDYLRU EHWZHHQ
UHLQIRUFHPHQW DQG FRQFUHWH DV WKH QRUPDO IRUFHV LQ WKH
YHUWLFDOSDUWVRIWKHVWLUUXSVDUHQRWDQFKRUHGWRWKHIODQJHV
EXWKDYHWREXLOGXSRYHUDFHUWDLQGHYHORSPHQW OHQJWK$V
WKLV DSSURDFK LV QRW HDV\ WR PRGHO QXPHULFDOO\ WKH
FDOFXODWLRQVKDYHWREHFDUHIXOO\YDOLGDWHGLQGHWDLO7KHUHIRUH
WKH EHKDYLRU RI VWLUUXSV ZKLFK SDUWLDOO\ H[LVW RI YHUWLFDO
PHPEHUVRQO\FRPSDUH)LJXUHZDVVWXGLHGE\PRGHOOLQJ
H[SHULPHQWVIURPOLWHUDWXUH)RUWKLVSXUSRVHWKHWHVWVHULHVRI
>@ ZDV XVHG ZKHUH WKH HIIHFWV RI FRUURVLRQ RQ VWLUUXS
DQFKRUDJHE\UHSODFLQJXSWRRIVWLUUXSVZLWKVWUDLJKW
OHJJHGVKHDUUHLQIRUFHPHQWZHUHLQYHVWLJDWHG$OWKRXJKWKLV
LV D GLIIHUHQW WRSLF WKH WHVW UHVXOWV DUH XVHIXO IRU WKH JLYHQ
SUREOHPRIVXEVWDQGDUGVKHDUUHLQIRUFHPHQWW\SHV
)RUWKHQXPHULFDOLQYHVWLJDWLRQVWHVWVZLWKGLIIHUHQWVKHDUUHLQIRUFHPHQWLQWKHFURVVVHFWLRQVIURP>@ZHUHXVHG
7KHFKRVHQWHVWVZHUHSRLQWEHQGLQJWHVWVZLWKDEHDPOHQJWKRIPDQGDVSDQRIP7KHFURVVVHFWLRQV
QRUPDOO\KDGDZLGWKRIFPDQGDKHLJKWRIFPZKHUHDVIRUWKHEHDPZLWKIUDFWXUHGVWLUUXSVWKHKHLJKWZDV
RQO\FPDVWKHORZHUVHFWLRQZDVFXWRIIWRVLPXODWHWKHIUDFWXUHGXHWRFRUURVLRQ7KHDGUDWLRZDVKHOGFRQVWDQW
ZLWKDYDOXHRIDG DVZHOODVWKHUDWLRRIWKHORQJLWXGLQDOUHLQIRUFHPHQWZLWK∅DWWKHWRSDQG∅DW
WKHERWWRP7KH\LHOG VWUHQJWK IRU WKH UHLQIRUFHPHQWZDV03D IRU WKHPDLQEDUV DQG03D IRU WKH VKHDU
UHLQIRUFHPHQW7DEOHVXPPDUL]HVWKHSURSHUWLHVRIWKHWHVWVZKLFKZHUHPRGHOOHG
7DEOH3DUDPHWHUVRIVSHFLPHQ¶VFURVVVHFWLRQVDQGPDWHULDOGDWDIRUVHOHFWHGWHVWVE\>@IRUWKHUHFDOFXODWLRQZLWK)(0
 9 9 9
FURVVVHFWLRQKHLJKW P P P
VKHDUUHLQIRUFHPHQW  ∅FP ∅FP
SHUFHQWDJHRIVWUDLJKWOHJJHGVWLUUXSV   
FRQFUHWHFRPSUHVVLYHVWUHQJWK 03D 03D 03D

:LWKUHJDUGWRWKHILQLWHHOHPHQWVLPXODWLRQRIWKHWHVWVWKHUHLQIRUFHPHQWZDVPRGHOHGXVLQJEHDPHOHPHQWVDQG
WKHERQGEHKDYLRUEHWZHHQUHLQIRUFHPHQWDQGFRQFUHWHZDVLQLWLDOO\FRQVLGHUHGE\DVLPSOLILHGDSSURDFKXVLQJVSULQJ
HOHPHQWVZLWKDGHILQHGZRUNODZUHODWHGWRWKHERQGVWUHVVVOLSUHODWLRQRIWKHVSHFLPHQ7KHLQIOXHQFHRIODWHUDO
SUHVVXUHZDVQRWFRQVLGHUHGIRUWKHVLPSOLILHGDSSURDFKEXWZLOOEHDGGHGZKHQSUHVWUHVVHGJLUGHUVDUHFRQVLGHUHG
)LJXUH'LVFUHWHPRGHOLQJRIWKHPRGLILHGUHLQIRUFHPHQWZLWK
EHDPHOHPHQWVKDOIV\VWHPEHFDXVHRIV\PPHWU\FRQVLGHULQJWKH
ERQGEHKDYLRURIWKHVWLUUXSV
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7KHFDOFXODWHGVKHDUORDGGHIOHFWLRQFXUYHVFDQEHVHHQLQ)LJXUH6LQFHRQO\WKHXOWLPDWHORDGVZHUHUHSRUWHGLQ
>@DGLUHFWFRPSDULVRQRIWKHFXUYHVLVQRWSRVVLEOHEXWWKHIDLOXUHORDGVIURPWKHWHVWVDUHGLVSOD\HG
,WFDQEHVHHQWKDWWKHQXPHULFDOPRGHOVRIWKHH[SHULPHQWVXVLQJWKH
ILQLWHHOHPHQWPHWKRGVKRZJRRGFRUUHODWLRQRI WKHXOWLPDWH ORDGV
ZLWKWKHUHVXOWVIURPWKHWHVWVH[FHSWIRUWKHVSHFLPHQZLWKRXWVKHDU
UHLQIRUFHPHQWIRUZKLFKWKHFDOFXODWHGIDLOXUHORDGZDVKLJKHU,QWKH
ILUVWSDUWEHIRUHWKHILUVWFUDFNLQLWLDWLRQWKHFXUYHVDUHTXLWHVLPLODU
$IWHUWKDWLQWKHFUDFNHGVWDWHVWDWH,,WKHVKHDUUHLQIRUFHPHQWLV
DFWLYDWHGDQGWKHEHKDYLRURIWKHVSHFLPHQVFOHDUO\GLIIHUV:KLOHD
WUDQVIHURI IRUFHV LV RQO\ SDUWO\ SRVVLEOH IRU WKH VSHFLPHQZLWKRXW
VWLUUXSVWKHVKHDUUHLQIRUFHGEHDPVFDQDEVRUEWKHIRUFHVZKLFKDUH
UHOHDVHGE\WKHJURZWKRIVKHDUFUDFNVRYHU WKHFUDFNHGJHVPRUH
HIIHFWLYHO\ 1HYHUWKHOHVV WKH IUDFWXUHG VKHDU UHLQIRUFHPHQW ZLWK
VWUDLJKWOHJVLVOHVVHIIHFWLYH7KLVLVGXHWRWKHIDFWWKDWWKHFORVHG
VWLUUXSVUHDFKWKH\LHOGVWUHQJWKRYHUWKHZKROHOHQJWKDVWKHHQGVRI
WKHYHUWLFDOVWLUUXSPHPEHUVDUHGLUHFWO\DQFKRUHGE\WKHKRUL]RQWDO
SDUWVZKHUHDVWKHQRUPDOIRUFHVLQWKHVWUDLJKWOHJJHGVWLUUXSVKDYH
WR EXLOG XS RYHU D FHUWDLQ OHQJWK VHH )LJXUH  +RZHYHU WKH
EHQHILFLDOLQIOXHQFHRIWKHVWUDLJKWOHJJHGVWLUUXSVLVFOHDUO\YLVLEOH
ZKLFKPHDQV WKDW WKLV W\SHRIVKHDUUHLQIRUFHPHQWVKRXOGEH WDNHQ
LQWR DFFRXQW IRU WKH HYDOXDWLRQ RI WKH VKHDU FDSDFLW\ RI H[LVWLQJ
EULGJHV
)RUPDQ\H[LVWLQJEULGJHVLQ*HUPDQ\VPRRWKUHLQIRUFLQJEDUVZHUH
XVHG 7KLV REYLRXVO\ LQIOXHQFHV WKH VKHDU FDSDFLW\ DV WKH ERQG
EHWZHHQ VWLUUXSV DQG FRQFUHWH LV UHGXFHG ZKLFK PHDQV WKDW WKH
PD[LPXPQRUPDOIRUFHLQWKHEDUVLVUHGXFHG7KLVHIIHFWDQGDOVR
WKHLQIOXHQFHRISUHVWUHVVRQWKHERQGEHKDYLRUZLOOEHUHVHDUFKHGLQ
WKHIXWXUH


2XWORRNRQH[SHULPHQWDOLQYHVWLJDWLRQV
4.1. Testing technology and planned testing program 
)RUWKHXSFRPLQJWHVWVDW780DQLQQRYDWLYHH[SHULPHQWDOVHWXSZDVGHYHORSHGZKLFKDOORZVUHDOLVWLFWHVWLQJRI
FRQFUHWH EHDPV DW UHGXFHG VFDOH XVLQJ WKH VXEVWUXFWXUH WHFKQLTXH 7KXV DQ H[SHULPHQWDO LQYHVWLJDWLRQ RI EULGJH
JLUGHUVLQVKHDUDQGEHQGLQJZLWKUHDOLVWLFKHLJKWVDQGDUHGXFHGOHQJWKLVSRVVLEOH+HUHE\WKHFUHDWLRQRIDUELWUDU\
VWUHVVVWDWHVFDQEHDFKLHYHGE\DSSO\LQJORDGLQJDQGLQWHUQDOIRUFHVXVLQJH[WHUQDOK\GUDXOLFMDFNVVHH)LJXUH
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